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( $k$ : ) . Cp( ) \mbox{\boldmath $\omega$}
\mbox{\boldmath $\omega$} $=C_{p}k$ , , $C_{g}(\text{ ^{ } })$ , $C_{g}=\partial\omega/\partial k$
, , . , ,
, , , (2),(3) 2 .
, , $(\mathrm{L}\mathrm{i}\mathrm{g}\mathrm{h}\mathrm{t}\mathrm{h}\mathrm{i}\mathrm{U},1978)^{2)}$ ,
, ( ) , ,
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$(d\rho/dZ)\delta\mathrm{a}-\sim \text{ ^{}1}),2)$ , , $($Batchelor, $1967)^{3)}$ ,
(2),(3) . , , ,
.
$C_{p}(k)\geq C_{g}(k)$ ( $k=0$ ), (2)
$\frac{\partial C_{p}}{\partial k}<0$ , $\frac{\partial C_{g}}{\partial k}<0$ , (3)
$C_{p},C_{g}$ , , .
, , ,
.
,(2) (3) 2 ,
. ,(2) ,
. ( ) , $k_{s}$ ,
$U$ , $C_{p}(k_{s})=U$ . (2) $\text{ },C(\mathit{9}k,)$ $-U<0$ ,
, . , , (
la ). , (lee wave) .
,k $<k_{\mathit{8}}$ $k$ (3) $C_{p}(k)$ $-U>0$ , (
) . $\text{ },c(\mathit{9}k_{\text{ }})=U$ $k_{0}(<k_{s})$
$k$ ,(3) $C_{g}(k)-U>0$ . ,
, $k<k_{0}$ ( )
( la). ,(3) , ,
$k=0$ ,(2) $\text{ },c_{p}(\mathit{0})=^{c_{\mathit{9}}()}0$ ,k $=0$ , – .
(3) , (k ) , (
) $k_{0}$ .
k=0( ) $C_{n}$ ,
$C_{n}\equiv C_{p}(0)=C_{g}(0)$ , (4)
, , , $n(n\geq 1)$ . ,
,n $=1$ , .
$C_{1}$ ,Cl $>U$ , $C_{1}-U$
$($ ,Hanazaki, $1989)^{4)}$ . , , $F$
$F\equiv U/C_{1}$ , (5)
, ,F $<$ l(subcritical) , . ,F $>1$ (supercritical)
, $(n\geq 1)$ ,
. ,F $=$ l(resonant: ) ,Cl $-U=0$ $n=1$
, , $t$ ( $1\mathrm{b}$ ).
, , . – ,Cn $=U$ $n$
, .
,Cp(0) $=C_{\mathit{9}}(0)>C_{p}(k_{s})$ , ,
$(k=0)$ . ,
, . , $\mathrm{u}\mathrm{p}\mathrm{s}\mathrm{t}\mathrm{r}\mathrm{e}\mathrm{a}\mathrm{m}$
$\mathrm{i}\mathrm{n}\mathrm{f}\mathrm{l}\mathrm{u}\mathrm{e}\mathrm{n}\mathrm{c}\mathrm{e}\rfloor$ , ,




( ,1996)5) , . , ,
Baines $(199\mathrm{s})^{1)}$ , .
3
31 –forced $\mathrm{K}\mathrm{d}\mathrm{V}$ $-$
\S 2 , (resonant) , ,
, .
, ( $L$ , $D$ , $\epsilon=(D/L)^{2}\ll 1$
) $\mathrm{K}\mathrm{d}\mathrm{V}$ . ,
$\mathrm{K}\mathrm{d}\mathrm{V}$ ,Benjamin(1966) 6) , ,Grimshaw &
Smyth$(1986)^{7)}$ , (forcing) $\mathrm{f}_{\mathrm{o}\mathrm{r}}\mathrm{C}\mathrm{e}\mathrm{d}- \mathrm{K}\mathrm{d}\mathrm{V}(\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{v})$
$.\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$ , $(\mathrm{W}\mathrm{u},1981^{8});\mathrm{A}\mathrm{k}\mathrm{y}\mathrm{l}\mathrm{a}\mathrm{S},1984)^{9)}$ , $($Grimshaw, $1990)^{10)}$ ,
$($Mitsudera &Grimshaw, $1990)^{11}$ ) .
, $n$ $(U=C_{n}+\epsilon\triangle)$ ,
\mbox{\boldmath $\zeta$} ,
$\zeta=\epsilon A_{n}(x,T)f_{n}(_{Z)+o()}\epsilon 2,$ $(6)$
. ,X, $T$ ,X $=\epsilon^{\frac{1}{2}}x,$ $T=\epsilon^{\frac{3}{2}}t$ $(z)$ ,n $(z)$
,
$\frac{d}{dz}(\overline{\rho}C_{n^{\frac{df_{n}}{dz}}}^{2)}-g\frac{d\overline{\rho}}{dz}f_{n}=0,$ (7)
. $\text{ },\overline{\rho}(z)$ , , ,
( $0$ ) ,
$f_{n}(0)=f_{n}(D)=0$ , (8)
$(7)rightarrow$ (8) ,Sturm-Liouvi e , $f_{n}(z)$
,Cn $f_{n}(z)$ ,Cn ,(4) ,
( $=$ ) . $\text{ }\overline{\rho}(z)$ . ,
$A_{n}(X, T)$ , forced $\mathrm{K}\mathrm{d}\mathrm{V}(\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{v})$ . , \epsilon
1 : forced extended $\mathrm{K}\mathrm{d}\mathrm{V}(\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{v})$ (Melville &
Helfrich,1987 $\mathrm{i}$ Hanazaki,199213)) .
$- \frac{1}{C_{n}}(A_{T}+\Delta A_{X})+a_{1}AAx-\epsilon a2A^{2}AX+a_{3}A_{XXX}+G_{X}=0$ . (9)









$G(X)= \frac{1}{2L_{n}}(\overline{\rho}\frac{df_{n}}{dz})_{z=}0)h(X$ , (12)




2 . ,F $=1$ ,
, (sohitary wave) . ,
sech2 , . ,
, $(x>0)$ , , ($A<0$
) . ,fKdV $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{V}$ (9) $X=-\infty$ $X=\infty$ $x$
,G(—) $=G(\infty)=0$ ,
$\frac{\partial}{\partial t}\int_{-\infty}^{\infty}AdX=0$ , (13)
.
, $3\mathrm{a}$ ,Navier-Stokes $(Re=UD/\nu=10^{3})$ $A$
13). ( ,A , .
, , , tanh ,
. , ) ,
, . , $\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$
( $3\mathrm{b}$ ) , , $\langle$ , . - ,
$(A^{2}Ax)$ $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{V}$ ( $3\mathrm{c}$ ) ,
$\langle$ ,Navier-Stokes . ,
. , ?
, ,KdV 2 3 ,
$\rho_{1}$ , $h_{1}$ , \rho 2, $h_{2}$ ,
$\frac{a_{2}}{a_{1}}=-2(\frac{1}{h_{1}}+\frac{\frac{1}{h_{1}}+\frac{1}{h_{2}}}{(_{\overline{h}}^{h_{2}}1)^{2}\rho L21-1})$ , (14)
. 4 $\rho_{1}/\rho_{2}$ . , $\rho_{1}/\rho_{2}<1$
$\text{ },|a_{2}/a_{1}|$ , $\rho_{1}/\rho_{2}arrow 0,h_{1}arrow 0,$ $h_{2}arrow D$ , 13),
$| \frac{a_{2}}{a_{1}}|=2D^{-1}$ , (15)
.- , ,
$\frac{a_{2}}{a_{1}}=0.25D^{-1}$ , (16)
$($Marchant &Smyth, $1990)^{14}$). , ,
, , $|a_{2}/a_{1}|$ 8 .
,fEKdV 3 2 ,
$\frac{\epsilon a_{2}A^{2}A_{X}}{a_{1}AA_{X}}=\epsilon A\frac{a_{2}}{a_{1}}\sim\zeta\frac{a_{2}}{a_{1}}$ , (17)
4
, \mbox{\boldmath $\zeta$} 1/8 , 3
\langle . ,
. ,Navier-Stokes ,fKdV
$\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{V}$ 13). ( ) ,
3% $($ Koop &Butler, $1981)^{15)}$ .
,Melville &Helfrich $(1987)^{12})$ , , $F=1$
,fEKdV $\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$ , $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{V}$ (Bore)
(Kakutani &Yamasaki, 1978) 16) , – .
, , 50% ,fKdV
- (Lee, Yates &Wu,1989)17). , (Burgers
vortex ), $\langle$ , $\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$
Navier-Stokes - (Hanazaki, $1991^{18)},$ $1993^{19)}$ ).





) , , $(d\rho/dz)$ – ,(9) $a_{1},a_{2}$ , $\mathrm{K}\mathrm{d}\mathrm{V}$
,3 ( $a_{2}A^{2}A_{X}$ )
$(\mathrm{G}\mathrm{r}\mathrm{i}\mathrm{m}\mathrm{s}\mathrm{h}\mathrm{a}\mathrm{W}^{1})0$ Appendix ). , ,
$($Long, $1953)^{20)}$
$\mathrm{L}\mathrm{o}\mathrm{n}\mathrm{g}$ ,
$($ ,Miles, $1968)^{21)}$ . ( ,\S 2 ,
, ) – , ,
. ,
$\mathrm{G}\mathrm{r}\mathrm{i}\mathrm{m}\mathrm{s}\mathrm{h}\mathrm{a}\mathrm{W}^{-}\mathrm{Y}\mathrm{i}(1991)^{2}2)(\mathrm{G}\mathrm{Y})$ . ,
. , , ( ) $($Grimshaw $\ \mathrm{Y}\mathrm{i},1993)^{23)}$ ,




$f_{n}(Z)= \sin(\frac{n\pi z}{D})$ , (19)
,x, $t$ $\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$ $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{V}$ . ,
$z=\epsilon h(x)$ , (20)
($\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$ (11) ). (18) ,
$O(\epsilon^{0})=O(1)$ ,
. ,x , ,
, ,fKdV $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{V}$ . ,
$A=A_{n}(X,\tau)$ ,
$- \frac{N^{2}}{C_{n}^{2}}\int_{-\infty}^{X}K(A, A’)\frac{\partial A’}{\partial T}dx’-\frac{DN^{2}}{C_{n}^{2}}\Delta A+\frac{1}{2}cnDA\mathrm{x}x+Nf(1-\frac{NA}{C_{n}})=0$, (21)
. ,Cn (4) ,
5
$C_{n}= \frac{ND}{n\pi}$ , (22)
( $N:\mathrm{B}\mathrm{r}\mathrm{u}\mathrm{n}\mathrm{t}$ -V\"ais\"al\"a ) . ,
$A’=A(X’,\tau)$ , (23)
, $K(A, A’)$ ,
$K(A, A’)= \int_{0}^{D}\frac{\partial z}{\partial A}\frac{\partial z’}{\partial A’}d\xi-\int_{0}^{D}[z\frac{\partial z}{\partial A}\frac{\partial}{\partial\xi}(\frac{\partial z’}{\partial A’})+z’\frac{\partial z’}{\partial A’}\frac{\partial}{\partial\xi}(\frac{\partial z}{\partial A})]d\xi$ , (24)
. \xi $=\xi(z, A)$ ,
$\xi\equiv z-An(x,\tau)f_{n}(z)$ , (25)
. z . , $z=z(\xi, A)$
,
$1-A_{n}(X,T) \frac{df_{n}}{dz}\neq 0$ , (26)
$z(0\leq z\leq D)$ (19) , ,
$- \frac{D}{n\pi}<.$ $A_{n}.< \frac{D}{n\pi}$ (27)
. ,(25) $\xi$ $0(\epsilon)$ – , (26)
$0$ ( ) . , $n=1$
,(27) $A_{1}$ D/\mbox{\boldmath $\pi$} , $z=0$ ,-D/\mbox{\boldmath $\pi$} ,z $=D$
. ,GY ,
– , , ,
, ( ) .
5 ,Navier-Stokes $\mathrm{G}\mathrm{Y}$ , $A=A_{1}(x, t)$ $F=1$
(Hanazaki, $1992^{13)},199325$ ) $)$ . – ,
. , ,GY ( ) ?
. 5 3 $6^{25)}$ . $6\mathrm{a}$ GY
$A$ (27) -D/\mbox{\boldmath $\pi$} $(n=1)$ $Ut/D=57.5$ , ,x $=2D$
. - ,Navier-Stokes ( $6\mathrm{b}$ ) , $Ut/D=$ 60.96, ,x $=$ 1.59D
. , $A$ (27) , $(z=D)$
. $6\mathrm{c}$ , ,
$(z=D, x\sim 2D)$ . ,GY
, .
34 3 $-$ forced $\mathrm{K}\mathrm{P}$ $-$
3 ,x , ,
forced Kadomtsev-Petviashvih $(\mathrm{f}\mathrm{K}\mathrm{P})$ forced extended KP
$(\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{P})$ (Katsis &Akylas, 1987; $\mathrm{H}\mathrm{a}\mathrm{n}\mathrm{a}\mathrm{z}\mathrm{a}\mathrm{k}\mathrm{i},1994^{2}7$) $)$ . ,x,t,
, $\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$ $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{d}\mathrm{V}$ y ,
$\mathrm{Y}=\epsilon y$ ,
. $A=A_{n}(X, \mathrm{Y},T)$ $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{P}$ ,
6
$- \frac{1}{C_{n}}(A_{T}+\triangle A_{X})+a_{1}AA_{X}-\epsilon a_{2}A^{2}AX+a_{3}A_{XX}x+\frac{1}{2}\int_{-\infty}^{X}A_{YY}dX+G_{X}=0$ , (29)
. ,al, $a_{2},a_{3}$ ,fEKdV . 7 ,
$\Leftrightarrow^{27)}$ . , 3 , ,
2 2 .
8 $F=1$ Navier-Stokes $(Re=10^{4})$ $A=A_{1}(x, y, t)$
$\text{ ^{}27})$ . , $x=y=0$
, $(y=40D)$ , (Mach stem)
, ( $8\mathrm{d}:Ut/D=400$). , $2$
. , ,
, ,
(Miles, $1977^{28),2}9$ ), Tannaka, 1993 ). , 8
$A$ 9 . ,
. ,3 2 2
. , sech2 ,Mach
. , $\mathrm{f}\mathrm{E}\mathrm{K}\mathrm{P}$ $\mathrm{f}\mathrm{K}\mathrm{P}$
Navier-Stokes – 27). ,3 2
KdV $0$ ,2 $\mathrm{G}\mathrm{Y}$
, .
4




, , (3) Grimshaw-Yi
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$k=0$ $k>0$ $k$. $=\Lambda_{0}$. $k=k$. $karrow\infty$
$c_{\rho}10)-U$ $C_{\rho}(k)-U$ $C_{\rho}(\mathrm{A}_{0})-( C_{\rho}(k.)=L’, C_{\text{ }}(\rho\propto]-l^{:}$.
– $\Leftarrow$ .
$\Rightarrow U$ $\underline{c_{\mathit{9}}(0)}-U$ $C_{g}(k)\Leftarrow-U$ $(.j_{g}.(k0)=t.$ $C_{g}(k.)\Rightarrow-U$ $C_{g}(\infty)\Rightarrow-[$
.
$k=0$
$C_{p}(k)-k>0U$ $c_{\rho \mathrm{t}}\infty)-karrow\infty U$
$C_{p}(0)=U$
$\Rightarrow$





1 : . $(\mathrm{a})\mathrm{s}\mathrm{u}\mathrm{b}_{\mathrm{C}}\mathrm{r}\mathrm{i}\mathrm{t}\mathrm{i}_{\mathrm{C}}\mathrm{a}1(C_{\mathit{9}}(0)>l^{:},)$




4 3 2 :
$a_{2}/a_{1}$ \rho 1/\rho 2 . . $a_{2}/a_{1}$ .
3 $A=A_{1}(x_{:}t)$ ( $F=1.0$ . 2 $h_{1}=0.7D$ . $h_{2}=0.3D,$ $\rho_{1}=$




5 , , d\rho /dz --
$(F=1)$ $A=A_{1}(x, t)$ $(h=0.05D)$ . (a)Navier-Stokes
,(b)GY .
10
6 , , d\rho /dz -
$F=0.9\overline{\mathrm{o}}$ . , $(h=0.15D)$ . (a)GY
$\mathcal{A}=A_{1}(x, t)$ $.(\mathrm{b})\mathrm{N}\mathrm{a}\iota\cdot \mathrm{i}\mathrm{e}\mathrm{r}$ -Stokes $A$





9 8 $A=A_{1}(x.y.t)$ .
$(\mathrm{a})\zeta\prime t-/D=40,(\mathrm{b})Ut/D=80,(\mathrm{C})Ut/D=200,(\mathrm{d})Ut/D=400$ .
83 $A=A_{1}(x, y, t)$ . $(F=l.\mathrm{O}$ . $Re=10^{4}.h_{1}=$
$0.\overline{l}D,$ $h_{2}=0.3D$ . $\rho_{1}=0.9\rho_{2}.h=$ O.1D.) $(\mathrm{a})Ut/D=40.(\mathrm{b})Ut/D=80.(\mathrm{c})Ut/D=$
$200,(\mathrm{d})Ut/D=400$ .
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